Inclusions of quenched mafic magma occur in a 21
INTRODUCTION
The presence of inclusions composed of mafic minerals in granites is often interpreted as evidence for mingling of mafic magma with granite before the granite became fully consolidated [e.g., Pabst, 1928; Vernon, 1984] . Extreme versions of this hypothesis hold that the chemical variability seen in some plutons is the result of the mixing or hybridization of well-defined mafic and silicic end-members [e.g., Kistler et al., 1986] ; the mafic end-member represented in some cases by the compositions of mafic inclusions [e.g., Reid et al., 1983] . The preservation of mafic magmatic inclusions in rhyolitic volcanic rocks gives Copyright 1990 by the American Geophysical Union.
Paper number 89JB02957 0148-0227/90/89JB-02957$05.00 us the opportunity to study the early stages of interaction between mafic magmas and their silicic hosts.
In this report we describe the evidence for mingling of contrasting magmas in an early Miocene rhyolite erupted in the northern portion of the Basin and Range province of the western United States. Mafic (sensu lato) magmatic inclusions in the rhyolites preserve compositions and textures that provide evidence for selective exchange of some elements before physical mixing of the two components occurred.
These observations limit the usefulness of compositional data obtained from mafic inclusions in granitic rocks to define end-members for magma mixing models or to infer the ultimate sources of the inclusions. of talus that accumulated at the front of the moving flow [Bikun, 1980] . The rhyolite lava has a maximum known thickness of 300 m [Williams, 1963] .
The rhyolites of the Spor Mountain Formation are fluorine-and rare-element rich [Christiansen et al., 1984] . Vitrophyres are strongly enriched in Rb (over 1000 ppm), Nb, Ta, Th, U, and HREE (heavy rare earth elements) and strongly depleted in Sr, Ba, Mg, and other trace elements incompatible in feldspars and mafic silicates (Table 1) . Christiansen et al. [1984] concluded that the high concentrations of rare elements in the rhyolite evolved by extensive fractional crystallization. Essential minerals in vitrophyres include sanidine, quartz, sodic oligoclase, Feand F-rich biotite, with accessory fluorite, zircon, apatite, xenotime, and Nb-Ta-Ti-Fe oxides. Eruption temperatures are estimated by two feldspar thermometry to be around 680 °C. Magmatic phenocrysts are accompanied by topaz and Fe-oxides in devitrified samples.
MAFIC MAGMATIC INCLUSIONS
The lavas and tuffs of the Spor Mountain Formation contain irregularly shaped ellipsoidal inclusions of porphyritic mafic material that constitute less than 0.1 % of the volume of the unit. The inclusions are vesicular and have cuspate margins. They range up to about 1 m in diameter. Phenocrysts in the inclusions include irregularly zoned plagioclase, augite, enstatite, sanidine, magnetite, ilmenite, and accessory apatite and zircon. Quartz is present as embayed, apparently resorbed, grains. Representative major and trace element analyses of the inclusions are presented in Table 1 . Full analytical data and description of methods are given by Venchiarutti [1987] .
On the basis of three lines of evidence, we conclude that the mafic inclusions described here formed by mingling of silicic and more basic magma: (1) no lava with the composition or texture of the inclusions was erupted before the Spor Mountain Formation, (2) the compositions of the mafic inclusions are inconsistent with liquid immiscibility, (3) the shapes of the inclusions show that they were liquid when entrained in the rhyolite, and (4) textures and mineral compositions show that mingling occurred between a hotter mafic magma and a cooler rhyolitic magma. These differences in mineralogy, texture, and bulk composition conclusively show that the mafic inclusions are not lithic inclusions of Drum Mountain Rhyodacite, the only known candidate for a source of more mafic volcanic xenoliths. Collectively the rounded pillow-like shapes, vesicle patterns, re-entrants of vesicular glass and lava in the mafic inclusions in the tuff and in the lava suggest that they were still liquid when entrained in the rhyolite. However, substantial cooling of these inclusions of mafic magma to below their solidus temperature occurred before the final emplacement of the rhyolite lava, as evidenced by the brittle textures found in the brecciated mafic lenses [cf. Sparks and Marshall, 1986] . Some mafic inclusions also have angular shapes defined by planar surfaces that truncate some plagioclase phenocrysts and vesicles. Many mafic inclusions in the lavas not associated with lenses of microbreccia were probably carried along passively, between shear planes, in the moving lava. This combination of evidence for mixing of two liquids and later brittle deformation of solid mafic inclusions is found in other examples of magma mixing in viscous lavas [Bacon, 1986] .
Evidence Against Liquid Immiscibility

Morphologic Evidence for Magma Mixing
Petrographic Evidence for Magma Mixing
Microscopic textures and mineral compositions provide evidence consistent with formation by rapid cooling of a mafic magma against a cooler rhyolite magma of the Spor Mountain Formation. For example, flow-aligned crystals and trachytic fabrics, such as those seen in many lavas including those in the Drum Mountain Rhyodacite, are absent in the mafic inclusions. Fine-grained margins several millimeters thick occur around many inclusions in the tuff suggesting that quenching occurred more rapidly along their margins. Light haloes, 1 to 2 cm wide, surround the mafic inclusions in the rhyolite lava. These haloes consist of coarser-grained devitrified rhyolite enriched in topaz and oxides compared to rhyolite outside of the haloes. We suggest that hot mafic inclusions promoted devitrification and vapor release from the rhyolite to produce these distinctive envelopes.
In addition, abundant skeletal plagioclase with feathery rims occurs in the mafic inclusions (Figure 2 ) and may be evidence for rapid growth from an undercooled feldspar-saturated melt. Mineral thermometry also suggests that significant undercooling would be expected as the mafic magma rapidly cooled against the rhyolite. The crystal-growth experiments of Lofgren 1984]. We cannot entirely preclude a role for magma mixing in producing the latitic to trachytic bulk compositions of the inclusions; we suggest only that the differences between tuff-hosted and lava-hosted inclusions are not the result of hybridization with rhyolite.
It is conceivable that the tuff-hosted and lava-hosted inclusions could represent mingling of unrelated mafic magmas in the chamber from which the rhyolites erupted. We cannot accept this hypothesis because phenocrysts (plagioclase, clinopyroxene, and orthopyroxene) in both types of inclusions have the same compositional ranges, derived temperatures, and textures.
Moreover, the compositional similarities and trace element patterns of the two types of mafic inclusions suggest a strong relationship between them. With such a model, element concentrations are not the result of simple physical mixing or hybridization of two components but they instead depend on the partitioning of elements into the water-and fluorinerich vapor, its subsequent reaction with the inclusions to form new mineral assemblages, and the affinity of transported elements for the newly formed minerals. For example, it is difficult to explain the low P 2 O 5 and Sr concentrations of the inclusions in the lavas by unidirectional transport from rhyolite to mafic inclusions. Phosphorous concentrations should be very low in vapors [London et al. 9 1988] released from the cooling P 2 O 5 -poor lava, but the five-fold decrease in P 2 O 5 in the inclusions in the lava compared to those in the tuff implies that phosphorous was also transported out of the mafic inclusions as apatite was destroyed.
Marshall and Sparks
In the present case, the elemental differences between the two types of inclusions cannot be explained by continued thermal diffusion between mafic liquid and the cooler rhyolite. In thermal diffusion experiments, Fe and Mn concentrate at the cold ends of diffusion couples and behave antithetically to the alkalies [Lesher, 1986] . In contrast, lava-hosted mafic inclusions are enriched in Fe, Mn, Rb, and Cs, suggesting that other processes, probably acting on already solid mafic inclusions, produced the observed differences. Likewise, chemical diffusion between coexisting silicic and mafic melts produces progressive enrichments of P, Fe, and REE in the mafic melt until equilibrium is reached [Watson, 1976; 1982] . These are not the differences observed between the two inclusion types.
Apparently, rapid thermal equilibration and consequent solidification of the mafic inclusions prevented substantial exchange of elements driven by thermal or chemical diffusion across melt interfaces. (2) Eruption of the tuff shortly after entrainment [Venchiarutti, 1987] allowed some of these inclusions to be preserved more-or-less intact. In the case of the Spor Mountain Formation, hydrous mineral phases developed in mafic inclusions as a result of sub-solidus interaction with the rhyolite host.
Such processes of hydration and recrystallization are also likely for magmatic inclusions in slowly cooled plutonic rocks, perhaps accounting for some of the "metamorphic" textures described in these inclusions. In addition, Debon [1980] and Letterier and Debon [1978] concluded that metasomatic reactions were important in determining the compositions of inclusions in granites.
Due to the prolonged cooling history of plutonic rocks, selective modification of mafic magmatic inclusions, as opposed to simple mixing, is probably more common than in volcanic environments. Mafic inclusions in granitic plutons may provide evidence of mingling of disparate magmas but because of relatively rapid chemical exchange compared to mechanical mixing they may not accurately preserve the composition of the mafic component. 
